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(54) Multiple access cellular communication with circular interleaving and reduced 
dropped-packet runlengths 



(57) An apparatus and method for reducing the run- 
length of dropped packets in multiple access cellular 
communication systems. The invention is particularly 
well suited for use in time-division multiple access (TD- 
MA) systems such as, for example, shared time-division 
duplexing (STDD) systems, and TDMA/TDD systems 
with speech activity detection (SAD). Frame time or fre- 
quency slots for communicating information are allocat- 
ed to a first set of active users. A second set of active 
users which are not allocated a slot in a given frame are 
identified. At least one of the users in the second set 
which remains active in a subsequent frame is provided 



with a priority in obtaining an allocated slot in the sub- 
sequent frame. In one embodiment, the slots allocated 
to particular active users in the given frame are shifted 
by at least one slot position if the same users are allo- 
cated slots in the subsequent frame. The priority alloca- 
tion and slot position shifting may be implemented by 
circular interleaving of the first set of users which have 
been allocated slots in the given frame with the second 
set of users which remain active but were not allocated 
slots in the given frame. The circular interleaving may 
be utilized with fast speech activity detection (FSAD) in 
order to further reduce dropped-packet runlengths. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATION 

The present invention is a continuation-in-part of U. 5 
S. Patent Application Serial No. 08/157,778 filed on No- 
vember 24, 1 993, entitled "A Method of Multiple Access" 
and assigned to the assignee of the present invention. 

TECHNICAL FIELD 

The present invention relates to a multiple access 
technique for a communication system. More particular- 
ly, the present invention relates to wireless communica- 
tion systems utilizing multiple access techniques which 
involve, for example, allocating available frame time 
slots to uplink and downlink communication. 

BACKGROUND OF THE INVENTION 

The design of a communication network or system 
involves evaluating physical constraints, for example, 
the characteristics of a given communication channel, 
and system constraints, for example, the available 
bandwidth per channel, in order to achieve a network 
with desired performance characteristics, such as relia- 
bility of the information received. Cellular systems typi- 
cally require low throughput delay of information and 
high reliability of information transfer and high capacity 
while restricting the bandwidth of each cellular frequen- 
cy band. 

Current wireless networks utilize multiple access 
techniques which multiplex users together in order to ef- 
ficiently utilize network resources. In particular, these 
networks use either TDMA (time-division multiple ac- 
cess) with FDD (frequency-division duplexing) as in the 
pan-European GSM system (now also known as Global 
System for Mobile Communication) and the North Amer- 
ican IS-54 system, or a variant, TDMA/TDD (time-divi- 
sion duplexing), as in the Digital European Cordless Tel- 
ecommunications (DECT) system. See D.J. Goodman, 
"Second Generation Wireless Information Networks," 
IEEE Trans. Veh. Tech., VT-40, No. 2, pp. 366-374, May 
1991. 

For the multiple access systems described here, 
frames of time are the basic transmission unit. Each 
frame is divided into a plurality of slots of time Some 
slots are used for control purposes and some slots are 
used for information transfer as described below. The 
information is transmitted during slots in the frame 
where slots are assigned to a specific user. Throughout 
this disclosure, it is understood that the term "informa- 
tion" refers to data representing speech, text, video or 
other digital information. 

Other multiple access techniques, such as PRMA 
(Packet Reservation Multiple Access) and R-ALOHA 
(Reservation ALOHA), recognize the bursty nature of 
speech packets and increase system capacity by having 



a reservation mechanism for time slots. See D.J. Good- 
man, R.A. Valenzuela, K.T. Gayliard and B. Rama- 
rnurthi, "Packet Reservation Multiple Access for Local 
Wireless Communications," IEEE Trans. Comm., COM- 
37, No. 8, pp. 885-890, August 1989; and S.S. Lam, 
"Packet Broadcast Network - A Performance Analysis 
of the RALOHA Protocol," IEEE Trans. Comp., COMP- 
29, No. 7, pp. 596-603, July 1980. Although able to sup- 
port a large number of users on a given channel band- 
width, these approaches have limited operating ranges,* 
and in the case of PRMA, perform poorly under low de- 
lay constraints. In addition, PRMA techniques rely on 
actual speech transmission, that is, the user must be 
actively speaking, to allocate slots instead of relying on 
a separate control mechanism for allocating slots. This 
assignment method leads to collisions between packets 
of data and thus increases delay and reduces through- 
put. Other systems recognize that in a two-way conver- 
sation, it often occurs that only one user is active, there- 
by making it possible to obtain a high statistical multi- 
plexing gain even with a low number of users when in- 
formation from both conversation paths are multiplexed 
onto a common channel. See L. M. Paratz and E. V. 
Jones, "Speech Transmission Using an Adaptive Burst 
Mode Technique," IEEE Trans. Comm., COM-33, No. 6, 
pp. 588-591, June 1985; and S. Nanda and O.C. Yue, 
"Variable Partition Duplexing for Wireless Communica- 
tions," GLOBECOM '91, pp. 32.6.1-32.6.7 However, 
such systems have typically been used to dynamically 
vary bandwidth assigned to two parties in a single con- 
versation (duplex voice link). This reduces speech qual- 
ity when both parties are talking simultaneously or when 
their speech overlaps. In addition, managing slot as- 
signment is difficult since fractional slot assignment is 
necessary. Thus, there is a need for a multiple access 
system capable of providing high capacity, high quality 
and low delay communications, particularly for wireless 
personal communications systems competing with 
wired systems. 

SUMMARY OF THE INVENTION 

In accordance with one aspect of the present inven- 
tion, a multiple access technique is described in which 
slots are dynamically allocated between uplink and 
downlink users. In a preferred embodiment, a method 
is presented for allocating slots in a communication sys- 
tem adapted to communicate information in an assigned 
slot on uplinks and downlinks between a user pair in a 
set of N user pairs. The method generates a set of 
frames, where each frame contains S information slots, 
S = U s + D s + A ; having U s slots allocated for commu- 
nicating information on the uplink, having D s slots allo- 
cated for communicating information on the downlink, 
and having A, A>0, unused slots. U s and D s are varied 
dynamically in such a way as to improve overall system 
quality and capacity. 

Another aspect of the invention involves reducing 
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the runlengths of dropped packets in a TDMA/TDD/SAD 
or TDMA/STDD system. Although the average packet- 
dropping probability is generally low in, for example, an 
STDD system, packet-dropping events are often strong- 
ly correlated such that a particular user may experience s 
a dropped -packet runlength corresponding to several 
frames or more. The packet dropping may result from, 
for example, use of a statistical multiplexing technique 
such as speech activity detection of the slow type (SAD), 
the fast type (FSAD), or of any other type, or from co- to 
channel interference (CCI). The present invention utiliz- 
es, for example, circular interleaving to spread the 
dropped packets over many system users such that a 
given user will not experience an excessive runlength 
of dropped packets, and thus provides a more robust *5 
and higher quality communication system. 

The above-discussed features, as well as additional 
features and advantages of the present invention, will 
become apparent by reference to the following detailed 
description and accompanying drawings. 20 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the components of a cellular com- 
munications system. 25 

FIG. 2 is a diagram of a TDMA/TDD frame format 
known in the prior art. 

FIG. 3 is a diagram of a TDMA/TDD/SAD frame for- 
mat known in the prior art. 

FIG. 4 is a diagram of a Shared Time-Division Du- 30 
plexing (STDD) frame format. 

FIG. 5 is a flowchart of the steps in allocating slots 
in a frame in the present invention. 

FIG. 6 is a diagram of a partially-shared time-divi- 
sion duplexing (PSTDD) frame format in accordance 35 
with the present invention. 

FIG. 7 shows a finite-state Markov model of slow 
speech activity detection (SAD) in accordance with the 
prior art. 

FIGS. 8A and 8B illustrate an exemplary circular in- 40 
terleaving technique using a single queue for both uplink 
and downlink users in accordance with the present in- 
vention. 

FIGS. 9A and 9B illustrate circular interleaving in an 
STDD system using separate queues for uplink and 4 $ 
downlink users in accordance with the present inven- 
tion. 

FIGS. 10A and 10B show the modifications to the 
model of FIG. 7 required to provide fast speech activity 
detection (FSAD). 50 

FIG. 11 shows a simplified model suitable for use in 
the analysis of dropped-packet runlengths in an STDD 
system with FSAD. 

FIG. 1 2 is a block diagram of an exemplary commu- 
nication system with circular interleaving in accordance 55 
with the present invention. 

FIG. 13 is a flow chart of an exemplary set of 
processing steps suitable for providing circular inter- 
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leaving in accordance with the present invention. 

DETAILED DESCRIPTION 

FIG. 1 illustrates the components of a cellular or mi- 
crocellular communications network. Cell 102 repre- 
sents a portion of the geographic area served by the sys- 
tem. Within each cell is a base station 105 which is con- 
nected to the public, telephone network. Base station 
105 establishes a wireless link with users 110-i, i = 1, ... * 
N, wishing to transmit and receive information (that is, 
digital data representing text, speech, video, etc.) via 
the public telephone network. The wireless link between 
any given user pair, 110-i and base station 105, is com- 
prised of an uplink Uj for transmitting information from a 
user to base station 105 and then to the telephone net- 
work and of a downlink Dj for transmitting information 
received by the base station from the telephone network 
to the user. Typically, concerns over throughput delay 
and efficient utilization of bandwidth resources in a net- 
work can be addressed by proper design or exploitation 
of modulation techniques, speech coding methods, 
channel coding and equalization techniques. See J.J.C. 
Chang, R.A. MiskaandR.A. Shober, "Wireless Systems 
and Technologies: An Overview," AT&T Tech. J., Vol. 72, 
No.4, pp. 11-18, July/ August 30 1993; TP. Bursh, Jr. et 
al., 'Digital Radio for Mobile Applications, ™ AT&T Tech. 
J., Vol. 72. No. 4, pp. 19-26, July/August 1Q93; and N. 
Seshadri, C-E.W. Sundberg and V. Weerackody, "Ad- 
vanced Techniques for Modulation, Error Correction, 
Channel Equalization, and Diversity,' AT&T Tech. J., 
Vol. 72 No.4. pp. 48-63, July/ August 1993. For exam- 
ple, to minimize delay, space diversity in conjunction 
with a small degree of channel coding can be used. Low 
rate speech coders, such as ADPCM, EDPCM or LD- 
CELP, and modulation methods, such as pseudo-ana- 
log skewed DPSK, are also well suited to reducing de- 
lay. See T. Miki, C.-E. W. Sundberg and N. Seshadri, 
"Pseudo-Analog Speech Transmission in Mobile Radio 
Communications Systems," IEEE Trans. Veh. Tech., 
Vol. 42. No. 1, pp. 69-77, February 1 993. Bandwidth re- 
source concerns may be addressed through proper de- 
sign of a multiple access technique. The goal of a mul- 
tiple access technique is to regulate communications for 
the various user pairs within a cell given a limited 
number of available frequencies, limited bandwidth per 
channel, etc. More particularly, proper design of a mul- 
tiple access system is important in configuring a low de- 
lay, high quality digital communication network. See 
generally, C-E. W. Sundberg and N. Seshadri, "Digital 
Cellular Systems for North America," GLOBECOM '90, 
Vol. 1, pp. 533-537, San Diego, CA : Dec. 1990. 

FIG. 2 illustrates the principle of TDMA/TDD for pur- 
poses of comparison with other systems. Although 
standard TDMA/TDD has control information integrated 
into the headers of information sent in transmitted infor- 
mation slots, for illustrative purposes, frame 201 is di- 
vided into three sections all of which are transmitted in 
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the same frequency band. Control section 205 contains 
information which relates to calL management. Uplink 
section 210 and downlink section 215 are each divided 
into N slots. Thus, the uplink and downlink for each user 
pair can have a guaranteed slot for transmitting infor- 
mation. However, the system capacity is low since a slot 
is assigned to each user and no re-allocation of slots is 
performed if a user decides not to utilize (that is, transmit 
information during) an assigned slot. 

Better utilization of network resources is obtained if 
the speech users are statistically multiplexed through 
the use of speech activity detection (SAD). FIG. 3 illus- 
trates the format of TDMA/TDD/SAD frame 301 de- 
signed for use by up to N user pairs. TDMA/TDD/SAD 
frame 301 is divided into four sections. Uplink and down- 
link control sections 305 and 307 contain bits for han- 
dling call management functions. Uplink control section 
305 contains bits for handling requests for uplink infor- 
mation slots. Downlink control section 307 contains bits 
which indicate which uplink and downlink information 
slots are assigned for the uplink and downlink users to 
send and receive information. Uplink section 310 and 
downlink section 315 are also divided into slots. There 
are an identical number of slots, fewer than N, in each 
of the uplink and downlink sections. The SAD tech- 
niques recognize that a significant portion of any infor- 
mation transfer, particularly" a speech conversation, is 
comprised of silent portions, and no transmission of in- 
formation need occur, that is, although N user pairs are 
active and wish to transmit information at some point, 
chances are that not all users are using their allocated 
slots 100% of the time. Thus, the number of slots re- 
quired to satisfactorily accommodate up to N user pairs 
can be significantly reduced through ongoing reassign- 
ment of slots from inactive to active users. The result is 
a higher capacity (since there will be a reduced number 
of slots transmitting no information) and lower delay 
(since the frames can be made shorter given the re- 
duced number of slots) system. However, the system 
typically requires a greater portion of the frame be de- 
voted to overhead (that is : the control sections). Addi- 
tionally, there will be insufficient resources to accommo- 
date all users in times of peak demand 5 and thus some 
information will be lost because no slots will be available 
for data transmission and/or new user pairs will not be 
allowed access to the system. 

FIG. 4 illustrates a format for frame 401 useful in 
practicing the invention. The invention, a multiple ac- 
cess system termed Shared Time-Division Duplexing 
(STDD), is designed to regulate traffic among up to N 
user pairs while allocating slots between uplinks and 
downlinks dynamically, for example, on a frame-by- 
frame basis. Frame 401 is divided into four sections. Call 
management functions are handled by separate uplink 
and downlink slots in uplink control section 405 and 
downlink control section 407, respectively, as described 
below. The remainder of frame 401 is divided into S 
slots, S = U s + D s + A, with U s slots allocated for uplink 



information transfer and D s slots allocated for downlink 
information transfer. A represents the number of slots, 
if any, not allocated. In frame 401 of FIG. 4. A = 0. The 
number of slots allocated between uplink section 410 
5 and downlink section 415 can vary with each frame as 
indicated by partition 412. However, the total number of 
speech slots S remains fixed for every frame. When 
there are a few users in the system and the total number 
of slots in any one direction is less than S/2, the infor- 
10 matbn slots behave in a TDD manner with the S slots 
equally partitioned for the uplink and downlink access. 
When the number of users increases and the number 
of required speech slots in either direction exceeds S/ 
2, partition 412 between the uplink and downlink slots 
15 varies according to demand. The ability to share a com- 
mon frequency band contributes to a higher statistical 
multiplexing gain even for a narrowband system with a 
limited number of users. The value of S typically is se- 
lected based on three factors: 1) the desired quality of 
20 the received information, that is, what level of packet 
loss is acceptable, 2) the number of user pairs to be ac- 
commodated, and 3) the accuracy of the speech activity 
detector, that is, how welt silences and pauses in infor- 
mation transfers can be detected. For example, for a 
2S system with N = 32 user pairs, 64 speech slots are re-" 
quired for standard TDMA/TDD while TDMA/TDD/SAD 
requires 46 speech slots at a high quality packet drop- 
ping rate of 0.01%. STDD typically requires 35 speech 
slots assuming a 2 millisecond frame size at the same 
30 dropping rate. The total statistical multiplexing gain is a 
function of the exact design of the control information. 

FIG. 5 is a flowchart of the steps in allocating slots. 
Note that all signalling functions pertaining to call man- 
agement in a cellular or microceliular system, including 
35 handofts and termination, but typically not call set up 
functions, are communicated via information in the con- 
trol sections. In addition, the control information also in- 
dicate the state of a transmission, that is, whether a user 
is actively communicating information or is silent. When 
40 a user desires to send information and enters the active 
state in step 502, as for example when speaking, status 
information in the control slot assigned to the user re- 
quests a slot in the appropriate, that is, uplink or down- 
link, information section from the base station as shown 
45 in step 504. Typically, this may be implemented using a 
first-in, first-out (FIFO) service discipline in assigning in- 
formation slots to users although other disciplines such 
as, for example, random service, may also be used. 
Similarly, the base station is aware of all slot requests 
50 emanating from the wired end of the network, and it as- 
signs slots accordingly in step 506. The slot assignment 
information is carried in the downlink control information 
slots for both uplink and downlink users. Thus, it is ad- 
vantageous to have transmission of uplink control infor- 
ms mation precede in time transmission of downlink control 
information so as to reduce delay. If a slot is not allocat- 
ed to a user upon request, the information is cropped. 
When the information transfer is complete, the status 
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information is reset in step 508 and the slot is returned 
to a pool of unused slots in step 510. The amount of 
control information is dictated by the needs of call man- 
agement functions and the frequency of transmission 
activity. 

The use of separate control and information slots 
helps alleviate the overhead efficiency problem com- 
mon in PRMA-type networks and permits implementa- 
tion of a simple access mechanism that advantageously 
works with speech activity detection while providing low 
access delay. Uplink control section 405 and downlink 
control section 407 may each contain N control slots. 
However, the overhead per frame can be reduced by 
establishing a duty cycle for the control information. For 
example, let the total number of control slots be 2C, 
where C is the number of uplink or downlink control 
slots, and let N (N being a multiple of C) be the maximum 
number of user pairs that can be supported. In general, 
C < N, and hence only C user pairs can communicate 
their control information to and from the base station in 
one frame period. Thus : it takes a total of K = N/C frame 
periods for all user pairs to be serviced this way, that is, 
K is the duty cycle to service all users. This access 
mechanism ensures that all users are guaranteed serv- 
ice within K frame periods. At the same time, since ac- 
knowledgements are communicated within the same 
frame period, a user with an' acknowledged reservation 
can immediately send his speech packets within the 
same frame. Note that when a user makes a reservation 
for speech packets the user keeps the reservation for a 
minimum of K frame periods. For example, if the frame 
period is 2 ms ; N = 40, and C = 5, then the duty cycle is 
8 with a cycle period of 16 ms. Of course, the larger the 
duty cycle the smaller the amount of control overhead 
information. In STDD, a suitable cycle period is 16 ms 
where it is conveniently synchronized to the speech ac- 
tivity detection rate. 

Even in the STDD system there may be situations 
where not all information slots are utilized, that is, A * 
0. This spare capacity can be used for call setup when 
a new call arrives into the system. Assume that a new 
user monitors the control slots for a minimum of one cy- 
cle period to ascertain the status of the information slots, 
that is, to determine if all slots have been assigned. 
Thereafter, the system can use the spare information 
slots as a contention channel to inform the base station 
of this setup request by using, for example, an ALOHA- 
type of random access. If there are a number of availa- 
ble slots A, where A is less than S, the new call randomly 
selects one of these A slots to transmit its setup request 
packet. This request successfully reaches the base sta- 
tion if no other user transmits in the same slot. If the total 
number of user pairs currently serviced is less than N, 
the new call will be successfully serviced and an ac- 
knowledgment is sent on the next available downlink 
control slot. The location of this control slot also deter- 
mines the new call's position in the control cycle stream. 
As noted above, when there are few users, STDD be- 



haves as a TDMA/TDD/SAD system with slots equally 
allocated between the uplink and downlink. In this case, 
spare information slots used to set up a call should be 
treated as information slots so that slots remain equally 

5 allocated until such time that conditions demand that the 
partition between uplink and downlink slots be moved. 
The system above is described for up to N user pairs 
per carrier frequency. A number of carrier frequencies, 
each carrying up to N user pairs, can be used in high 

10 traffic areas. 

Although the previous embodiments have focussed 
primarily on speech transmission, STDD can be used 
for mixed traffic conditions, for example, where some 
slots carry data and some carry speech. STDD can also 

is be implemented in a variable rate per user mode, for 
example, a variable speech quality mode where a larger 
number of bits are allocated to customers requiring vid- 
eo or higher quality audio. The control channel contains 
the appropriate information. Thus, this method can be 

20 advantageously used where there is a broadband/nar- 
rowband information transfer between users in a user 
pair. In further embodiments, the dynamic allocation of 
slots between the uplink and downlink based on de- 
mand is implemented by means of frequency division - 

2S where information is carried over dynamically allocated 
orthogonal frequency channels, or alternatively in a 
code division mode where traffic is carried by means of 
direct sequence spread spectrum with pseudo-orthog- 
onal codes or in combinations of time division, frequen- 
ce cy division and code division techniques. In another em- 
bodiment, the STDD format can be used in conjunction 
with a pseudo-analog skewed DPSK modulation tech- 
nique to further reduce throughput delay in a communi- 
cations system. Additional detail regarding pseudo-an- 

35 alog skewed DPSK modulation may be found in, for ex- 
ample, the above-cited article by T. Miki et al. entitled 
"Pseudo-Analog Speech Transmission in Mobile Radio 
Communication Systems," which is incorporated herein 
by reference. 

40 The above detailed description has illustrated a 
method in which slots in a frame are dynamically allo- 
cated between uplink and downlink users. The method 
has not been limited to specific hardware or software. 
Instead, the method has been described in such a man- 

45 ner that those skilled in the art can readily adapt such 
hardware or software as may be available or preferable. 

Although the exemplary STDD techniques de- 
scribed above provide considerable improvements in 
wireless communication systems, performance may be 

so limited in certain embodiments by factors such as co- 
channel interference (CCI) and the runlengths of 
dropped packets. 

The impact of CCI in an STDD system will now be 
described. Unlike a TDD technique in which fixed time 

55 slots are allocated to uplink and downlink transmission, 
an STDD technique allows time slots to be dynamically 
allocated to either uplink or downlink depending on de- 
mand. A user in a given cell may therefore be transmit- 
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ting information in an uplink slot at the same time that a 
base station in a neighboring FR cell is transmitting in a 
downlink slot to another user. Signals transmitted from 
a base station are often at a significantly higher power 
level than signals transmitted from a mobile user, and a 
downlink signal transmitted in the neighboring FR cell 
may therefore interfere with reception of an uplink signal 
in the given cell. Because this type of CCI involves a 
downlink signal interfering with reception of an uplink 
signal, it is referred to herein as "mixed" CCI. In some 
cases this type of interference may produce a received 
signal-to-interference ratio (S/l) at the uplink base sta- 
tion that results in a dropped packet. Mixed CCI in an 
STDD system can thus significantly increase the pack- 
et-dropping rate and thereby reduce system capacity. 

Mixed CCI generally does not arise in properly-syn- 
chronized TDMA/TDD and TDMA/TDD/SAD systems. 
However, TDMA/TDD and TDMA/TDD/SAD systems 
can exhibit "regular" CCI arising from, for example, in- 
terference between two different downlink signals or be- 
tween two different uplink signals in neighboring FR 
cells. If mixed CCI is controlled or eliminated, the re- 
maining regular CCI in an STDD system would generally 
be no greater than that in conventional TDMA/TDD and 
TDMA/TDD/SAD systems. 

The effects of mixed CCI can be reduced by dynam- 
ically allocating only a subset of the available slots in 
the STDD frame. FIG. 6 shows an alternative STDD 
frame 601 in accordance with the present invention. The 
frame 601 includes uplink and downlink control sections 
605, 607 and uplink and downlink information sections 
610, 615. The STDD frame 601 also includes a group 
of shared slots 620. The shared slots 620 represent a 
subset of the total information transmission slots avail- 
able in the frame 601 . The uplink and downlink sections 
610, 61 5 contain slots which are permanently allocated 
to uplink and downlink information transmission, re- 
spectively. Although frame 601 is illustrated as an em- 
bodiment in which the number of unused slots A is equal 
to zero, other embodiments could include values of A 
greater than zero. Sections 61 0, 61 5 are thus similar to 
the sections 31 0,31 5 in frame 301 of FIG. 3. The shared 
slots 620 are dynamically allocated between uplink and 
downlink transmission in accordance with demand, in a 
manner similar to the allocation of slots in sections 410 
and 415 of FIG. 4. In the frame 601, therefore, only a 
subset of the total available information slots are dynam- 
ically allocated, while Ihe remaining information slots 
are assigned to either uplink or downlink transmission. 
This alternative STDD technique is referred to herein as 
partially-shared time-division duplexing (PSTDD). Be- 
cause only a subset of the available slots are dynami- 
cally allocated, the potential for mixed CCI is reduced. 
The fraction of total available information slots which are 
shared is designated by a partial sharing factor r| and 
different PSTDD techniques may therefore be referred 
to as PSTDD(ti) techniques. In a PSTDD(r|) system with 
a total of S information slots, there are (S/2) (1 -rj) slots 



available only to the uplink users, (S/2) (1 -rj) slots avail- 
able only to the downlink users and the remaining Sn 
slots are shared among uplink and downlink users ac- 
cording to demand. In general, PSTDD systems with 

5 partial sharing factors r\ of about 15% to 25% exhibit 
packet-dropping rates similar to those of corresponding 
STDD systems, but can provide a reduction in mixed 
CCI. Other partial sharing factors r\ could also be used. 
Other techniques which may be utilized to reduce 

10 mixed CCI include the use of directional antennas at cell 
base stations and proper slot-direction organization of 
a given frame so as to minimize the possibility of one 
directional antenna downlink interfering with another di- 
rectional antenna uplink in a neighboring FR cell. These 

is techniques are described in detail in U.S. Patent Appli- 
cation Serial No. entitled "Time-Di- 
vision Multiple Access Cellular Communication With Dy- 
namic Slot Allocation and Reduced Co-Channel Inter- 
ference," which is assigned to the assignee of the 

20 present invention and incorporated by reference herein. 

The remaining description will primarily address the 
effects of dropped-packet runlength in TDD and STDD 
systems. A packet refers to a quantity of information to 
be communicated during a given frame slot, and may 

25 represent information to be transmitted on a downlink 
from a base station to a user or on an uplink from a user 
to a base station. A TDMA system which requires a low 
throughput delay may drop a packet if a user is unable 
to obtain an available slot in the frame in which the pack- 

30 et was generated. Periods of high demand may, for ex- 
ample, cause several packets generated by the same 
user to be dropped in succession. It is therefore prefer- 
able to provide not only a low packet dropping rate for 
all users but also a minimal "run" of successive dropped 

3S packets experienced by any given user. The latter is re- 
ferred to as the dropped packet runlength and is defined 
herein as the number of successive frames in which a 
particular user experiences a dropped-packet. The 
present invention provides techniques for reducing 

40 dropped packet runlength using circular interleaving 
and/or fast speech activity detection (FSAD), thereby 
improving system capacity. 

FIG. 7 shows a six-state Markov model 700 corre- 
sponding to on-off conversation between a pair of users 

45 The model is described in P.T Brady, "A Model for gen- 
erating on-off speech patterns in two-way conversa- 
tions," Bell Syst. Tech. Journal, Vol. 48, pp. 2445-2472, 
September 1969, which is incorporated by reference 
herein. The six states 1 through 6 are designated in FIG. 

so 7 as TS, TT1, TT2, ST, SS1 and SS2 depending upon 
whether the first and second users are talking (T) or si- 
lent (S). State SS therefore corresponds to a situation 
in which both users are silent while states TTl and TT2 
correspond to situations in which both users are talking. 

55 States TS, TT1 , TT2 and ST are referred to generally 
herein as talk states because in those states at least 
one of the users is talking. 

The time-averaged distribution of the number of re- 
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quired slots in a TDD or STDD system may be used by 
those skilled in the art to obtain expressions for the av- 
erage probability of dropping a packet. Even in a system 
with a packet dropping rate on the order of 0.01%, the 
conditional probability that a packet is dropped in a par- 5 
ticular frame given that one or more packets were 
dropped in the preceding frame may remain large, re- 
sulting in an unacceptably long dropped packet run- 
length. 

The following description will assume conventional 10 
first-in first-out (FIFO) servicing of users that enter a talk 
state from a silent state. A queue formed by the users 
whose requests cannot be accommodated by available 
slots is referred to herein as a blocked queue. As will be 
described below, the blocked queue can also be viewed 
as a waiting portion of a larger queue, where the larger 
queue includes both blocked users and users with as- 
signed slots. A user experiencing dropped, packets 
waits until one or more preceding users in the blocked 
queue exit a talking state. The length of time which it 20 
takes a user in the blocked queue to be accommodated 
by the system is designated by a random variable L, and 
represents the cumulative duration of consecutive 
frames for which the user remains blocked, that is, the 
dropped-packet runlength. The value of L generally de- 2S 
pends on the position of the user in the blocked queue 
as well as the manner in which the preceding users in 
the queue are accommodated. The probability distribu- 
tion of L generally depends on the number of slots S, 
the number of user pairs N and the type of duplexing 30 
technique that is used, and can be estimated and/or 
computed in an known manner using techniques based 
on the Brady model. 

Even if the average dropped-packet runlength is ac- 
ceptable in certain TDMA/TDD/SAD and TDMA/STDD 35 
applications, the standard deviation of L often remains 
unacceptably high. For example, dropped packet run- 
lengths of as much as 100 or 200 frames may be ob- 
served in a system with a 2 ms frame duration. A user 
who experiences a dropped packet could therefore be *o 
completely blocked for a considerably long period of 
time. The present invention alleviates this problem by 
ensuring that dropped packets are substantially distrib- 
uted among ail users over the frames in which drops 
occur. As a result, even during long periods of dropped 4 $ 
packets the dropped-packet runlength tor any particular 
user can still be of relatively short duration. 

In a preferred embodiment, circular interleaving is 
used to periodically shift user slot assignments by one 
or more slots after each frame. For example, even as- 50 
suming no users exit or enter a talk state in a given frame 
and therefore slot assignments would otherwise remain 
the same, each user could still be directed to transmit 
its packet one or more slots earlier in the following 
frame. A number of exceptions could be made to this 55 
alteration in slot assignment. For example, a user first 
blocked in the preceding frame may be permitted to 
transmit in the same slot in the following frame, since 



that user would not yet be experiencing a long dropped- 
packet runlength. Another exception could be made for 
a user that pays an additional service fee in order to con- 
tinuously maintain possession of a particular slot previ- 
ously allocated to that user. Payment of the additional 
fee can thus provide certain users with a significantly 
lower packet dropping rate and thereby higher quality 
communication. 

FIGS. 8A and 8B illustrate the operation of an ex- 
emplary circular interleaver in accordance with the 
present invention. In this embodiment, the single circu- 
lar interleaver shown can be used for either uplink or 
downlink slots. The folbwing will assume that the circu- 
lar interleaver is used for uplink slots. FIG. 8 A shows 
allocation of a group of four available uplink time slots 
800 to a number of uplink users during a frame n-1 . The 
uplink users A, B, C and D have been allocated slots. In 
this example, the uplink slot demand is greater than the 
number of available uplink slots so users E and F wait 
in a blocked queue 810. FIG. 8B shows the allocation 
of the four uplink time slots 800 during the next time - 
frame n in which user C exits a talking state and users 
G and H enter a talking state. Users A, B, E, F, G and H 
are active in frame n and require uplink slots in which to 
communicate information, while user C is no longer ac- 
tive and does not require a slot. Again, only the four up- 
link slots 800 are available. Users G, H and A therefore 
enter a blocked queue 820. Users B and D are then al- 
located different time slots than those which were allo- 
cated to B and D in frame n-1. Users E and F exit the 
blocked queue 810 of FIG. 8A and are allocated slots in 
the group of available slots 800. It can be seen from 
FIGS. 8A and 8B that the users which were blocked in 
a given frame n-1 , such as users E and F, are allocated 
slots in the next frame n. Users which have been allo- 
cated slots during frame n-1 and remain active in frame 
n are then assigned any remaining slots but are shifted 
at least one slot position to the left in frame n. As a result 
of the one-slot shift to the left, user A, although remain- 
ing active, is unable to obtain a slot in frame n, and will 
experience a dropped packet. Blocked queues 310 and 
820 operate as first-in, first -out (FIFO) queues in this 
example, but other queuing techniques could also be 
used. A similar circular interleaver can be utilized for 
downlink slots. 

The circular interleaver of FIGS. 8A and 8B can be 
implemented as a set of memory locations in which user 
identifiers are stored during each frame. The position of 
a particular user identifier in the memory can indicate 
the uplink or downlink slot assigned to that user tn the 
current frame, or the position of that user in a blocked 
queue. The blockedqueues610 : 820 and available slots 
800 thus represent memory storage locations for partic- 
ular user identifiers. Blocked queue 810 or 920 and 
available slots 800 could be a waiting portion and an 
available slot portion, respectively, of a single queue. 
The waiting portion and available slot portion may be 
implemented as memory locations storing user identifi- 
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ers. The position of the users in the single queue are 
rotated, using appropriate control processing, in the 
manner previously described. 

In a conventional slot assignment, the users A. B. 
D and E of FIGS. 8A and 8B could have been assigned 
the slots in the group of available slots 800 and user F 
would have experienced dropped packets for two con- 
secutive frames. With the circular interleaving of the 
present invention, * the dropped packets are spread 
across users such that users A, E and F each experi- 
ence a dropped packet for only one frame. It will be ap- 
parent to those skilled in the art that this circular inter- 
leaving can be readily applied in any of a number of dif- 
ferent TDMA communication systems, including both 
TDD/SAD and STDD systems. The circular interleaving 
of the present invention does not significantly increase 
throughput delay, nor does it require complex computa- 
tional operations. 

In a TDD/SAD system in which L is very large rela- 
tive to the number n y of uplink packets generated during 
a given frame, circular interleaving provides a reduced 
maximum number of packets dropped per user which 
can be approximated as: 

L(n u - S/2)/n u . 

For example, if (n„ - S/2) = 1 , the maximum number of 
packets dropped per user is reduced by a factor of n u . 
Circular interleaving thus provides considerable im- 
provement in terms of system robustness to dropped 
packets An exemplary TDD/SAD system in accordance 
with the present invention utilizes two circular interleav- 
es of the type shown in FIGS. 8Aand 6B, one for uplink 
packets and one for downlink packets. As noted above, 
each circular interleaver may be implemented as a sin- 
gle queue which directs the interleaving of available up- 
link or downlink slots, respectively. 

In an STDD system, separate interleavers are also 
preferably used for uplink and downlink packets. FIGS. 
9A and 9B show an exemplary implementation of sep- 
arate circular interleavers for uplink and downlink. FIG. 
9 A corresponds to a situation in which the number of 
required uplink slots U s and the number of required 
downlink slots D s are both greater than or equal to S/2. 
where S is the total number of available slots. In this 
situation, a downlink queue includes an available slot 
portion 900 of length S/2 and a waiting portion 905 of 
length D s - S/2. An uplink queue includes an available 
slot portion 910 of length S/2 and a waiting portion 915 
of length U s - S/2. The uplink and downlink queues pro- 
vide circular interleaving of uplink and downlink users, 
respectively, in a manner similar to that previously de- 
scribed in conjunction with FIGS. 8A and 8B. Again : the 
queues may be implemented as a set of memory loca- 
tions along with appropriate control processing. FIG. 9A 
is also illustrative of the operation for an exemplary TDD/ 
SAD system with uplink an downlink circular interleav- 
ing. 

FIG 9B shows separate uplink and downlink circu- 



lar interleavers in a situation in which D s is less than or 
equal to S/2. U s is greater than S/2. and D s + U s is 
greater than S. A downlink queue includes an available 
slot portion 920 of length D s . Because all downlink users 

5 are assigned slots, the downlink queue does not include 
a waiting portion. An uplink queue includes an available 
slot portion 930 of length S - D s and a waiting portion 
935 of length U s + D s - S. Again, the uplink and downlink 
queues provide circular interleaving by, for example, 

10 storing and shifting user identifiers in the manner previ- 
ously described. FIGS. 9A and 9B may be suitably mod- 
ified to cover other situations. For example, if U s is less 
than or equal to S/2, D s is greater than S/2, and U s + 
D s is greater than S, the resulting uplink and downlink 

is queues would then be similar to the downlink and uplink 
queues, respectively, of FIG. 9B. In addition, modifica- 
tions to the queue lengths shown in FIGS. 9A and 9B 
resulting from the use of PSTDD will be readily apparent 
to those skilled in the art. 

20 in an STDD system, if n 0 denotes the number of 
uplink packets generated during a given frame, and n d 
denotes the number of downlink packets generated dur- 
ing the given frame, the average number of packets 
dropped per user in a case in which a total of L packets 

25 are dropped is approximately: 

«nu +n d- s V(n u +n d ). 

An STDD system with circular interleaving in accord- 
ance with the present invention can thus provide im- 
30 proved performance relative to both an STDD system 
with nocircuiar interleaving and a TDD/SAD system with 
circular interleaving. 

The circular interleaving of allocated time slots 
could be used in conjunction with co-channel interfer- 
es ence reduction techniques such as those described in 
the above-cited U.S. Patent Application Serial No. 

. It should also be noted that the use 

of circular interleaving to reduce maximum runlengths 
permits waveform substitution techniques to be used to 
40 improve speech recovery. Additional detail regarding 
waveform substitution may be found in, for example, D. 
J. Goodman, G.B. Lockhart, O.J. Wasem and W.C. 
Wong, "Waveform substitution techniques for recover- 
ing missing speech segment in packet voice communi- 
45 cations," IEEE Trans, on Communications, Vol. 33, pp. 
801-808, August 1985, which is incorporated by refer- 
ence herein. Waveform substitution is generally not suit- 
able for use in TDMA systems which do not utilize cir- 
cular interleaving and therefore exhibit excessive 
so dropped-packet runlengths. Other techniques which 
may be used to improve speech recovery include, for 
example, interpolation and prediction. 

Another technique which may be used to further re- 
duce maximum dropped packet runlengths in accord- 
55 ance with the present invention involves fast speech ac- 
tivity detection (FSAD). FSAD exploits the fact that there 
are generally gaps of silence during a given talk state 
The present invention can utilize FSAD to further in- 
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crease TDD or STDD system capacity beyond what is 
achievable with conventional slow speech activity de- 
tection (SAD) techniques. The six-state Markov model 
700 shown in FIG. 7 can be modified to account for 
FSAD by partitioning each talk state cf the model 700 
into substa-tes. A user can be characterized as moving 
through these substates while the user is within the cor- 
responding talk state. FSAD involves partitioning at 
least two distinct groups of states in the model 700 into 
substates. The first group includes states TS and ST 
and the second group includes states TT1 and TT2. Ad- 
ditional detail regarding FSAD may be found in, for ex- 
ample, D, J. Goodman and S.X. Wei, "Efficiency of Pack- 
et Reservation Multiple Access," IEEE Trans. Veh. 
Tech., Vol. 40. No. 1, pp. 170-176, February 1991, which 
is incorporated by reference herein. 

FIGS. 10A and 10B illustrate an exemplary parti- 
tioning of the first and second groups, respectively, into 
substates. The substates are identified as either mini- 
talk (MT) or mini-silence (MS) states within the particular 
talk state of a user. FIG. 10A indicates that a state TS 
can be divided into two states MT-S and MS-S, in which 
the first user is in either an MT or MS state while the. 
other user is silent. The state TS can be exited from ei- 
ther the MT-S state or the MS-S state and when the user 
is in the TS state the conversation can be characterized 
as being in either state MT-S or MS-S. A similar division 
into substates is used for the state ST. FIG. 10B indi- 
cates that a state TT in which both users are talking at 
the same time can be divided into four different sub- 
states designated MT-MS, MT-MT. MS-MS and MS-MT. 
This division is used for both states TT1 and TT2 of the 
FIG. 7 model. The division into substates in this example 
thus yields a total of 1 4 substates which may be written 
as follows: {1 A , 1 B }, {2 A , 2 B> 2 C , 2 D }, {3 A , 3 B> 3 C , 3 D }, {4}, 
{5}, {6 A , 6 B }. Numbers 1 to 6 correspond to the six states 
shown in FIG. 7. The subscript A designates the MT-S 
substate in states TS and ST of FIG. 7 and the MT-MT 
substate in states TT1 and TT2. The subscripts B, C and 
D designate the substates MS-MT, MT-MS and MS-MS, 
respectively, in states TT1 and TT2. The two silence 
states SS1 and SS2 are not divided into substates. A 
stationary probability distribution can be developed for 
this FSAD model by estimating a probability for each of 
the 14 substates. The calculations involved in compiling 
such a distribution are well within the ordinary skill in the 
art and are therefore not further described herein. 

FIG. 11 shows an exemplary model which may be 
used to estimate the dropped -packet runlength reduc- 
tion produced using FSAD in an STDD system. The 
model of FIG. 11 indicates that a user in any given mini- 
talk state MT will eventually exit that state with proba- 
bility P TS to enter either a silence state S or mini-silence 
state MS. This simplified model is illustrative of the run- 
lengths which will be observed in an actual FSAD sys- 
tem because the jumps from a mini-talk state to a mini- 
silence state generally occur much more frequently than 
jumps from one main state to another. A conditional 



dropped-packet runlength distribution can also be ob- 
tained in this case. The value chosen for P TS may be 
the minimum among all one-step transition probabilities 
from a mini-talk state to any silence or mini-silence 
s state, as determined in accordance with the stationary 
probability distribution noted above. This results in an 
upper bound to the actual cumulative distribution for the 
runlength of dropped packets. Using this model the ex- 
pected value of L for a user entering the blocked queue 
10 in the first position, for a system with 40 information slots 
and a frame duration of 2 ms, is on the order of 12 ms 
for a TDD system and about 7 ms for an STDD system. 
The details of the computation will be apparent to those 
skilled in the art and are therefore omitted. In this exam- 
is pie, STDD is thus superior to TDD in robustness to 
dropped-packet runlength for a given dropping rate 
when using FSAD. 

An important feature of FSAD in accordance with 
the present invention is that FSAD randomly spreads 
20 dropped packets among users. As noted above, each 
user generally passes between an MT and an MS state 
very frequently within a given talk state. FSAD therefore 
effectively performs additional randomizing of user slot 
allocation which further decreases the runlength of - 
25 dropped packets. It should be noted that even in an 
FSAD system there still exists the possibility that a run- 
length experienced by a particular user may become ar- 
bitrarily long. It is therefore preferable to use the circular 
interleaving of the present invention in conjunction with 
30 FSAD. The decision to use circular interleaving with or 
without FSAD may involve a tradeoff between mini- 
mized runlength and the increased system processing 
complexity which generally accompanies the use of 
FSAD. Of course, other types of speech activity detec- 
ts tion could also be used, including techniques operating 
at any suitable detection rate. 

FIG. 12 shows an exemplary communication sys- • 
tern 1200 in accordance with the present invention. The 
system 1 200 includes a speech coder 1 204 which proc- 
40 esses a baseband input from, for example, a public tel- 
ephone line connected toa base station in a cellular sys- 
tem. The coded speech is applied to a channel coder 
1208. The output of the channel coder represents infor- 
mation packets to be transmitted to users from the base 
•*s station. A channel interleaver 1212 randomly inter- 
leaves packets in a manner well-known in the art in order 
to mitigate the effects of, for example, channel fading. 
It should be noted that channel interleaving, unlike the 
above-described circular interleaving of the present in- 
so vention, generally does not reduce dropped-packet run- 
lengths. As will be described below, the circular inter- 
leaving is performed in this embodiment using a proc- 
essor 1244 which includes memory storage locations 
and implements queues such as those described in con- 
ss junction with FIGS. 8A, 88, 9A and 9B. The circular in- 
terleaving may utilize control information to identify us- 
ers, and is suitable for use in systems with control infor- 
mation duty cycles K > 1 . Those skilled in the art can 
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readily determine suitable adjustments in the arrange- 
ment and/or processing of the control information for 
systems in which K > 1 . 

The packets are modulated onto one or more carrier 
signals in modulator 1 21 4 and supplied to an RF proc- s 
essor 1220 and an antenna 1224. The antenna 1224 
may be an omnidirectional antenna suitable for commu- 
nicating with a number of different mobile users in a par- 
ticular cell of a cellular system. The system 1200 also 
receives signals from the users via antenna 1224 and io 
RF processor 1220. The received signals are demodu- 
lated in demodulator 1228. The demodulated packets 
are then processed in a channel deinterleaver 1232 
such that previously-applied channel interleaving is re- 
moved and the positioning of a packet in a given time *5 
frame is compatible with the decoding applied by a 
channel decoder 1236. A speech decoder 1240 con- 
verts the received information into a baseband output 
which may be supplied to a telephone line in the public 
telephone network. A processor 1 244 directs the oper- 20 
ation of, for example, elements 1 204-1 21 4 and 
1228-1240 or subsets thereof, and in other embodi- 
ments one or more of these elements may be partially 
or entirely incorporated within the processor 1244. The 
processor 1 244 may be implemented as a computer mi- 2s 
coprocessor, application-specific integrated circuit 
(ASIC) or any other suitable arrangement of hardware, 
software or firmware. In one embodiment, the processor 
1 244 includes a memory with a number of storage loca- 
tions suitable for storing, for example, user identifiers. 30 
The processor 1244 then provides circular interleaving 
in accordance with the present invention by using the 
memory to implement one or more queues in the man- 
ner described above in conjunction with FIGS. 8A, 8B, 
9A and 9B. The processor 1244 controls the shifting or 35 
other movement of user identifiers within the queues 
such that users blocked in one frame are provided a pri- 
ority in slot allocation in a subsequent frame. In other 
embodiments, the processor could interact with an ex- 
ternal memory unit to control circular interleaving. The *o 
processor 1244 may also be utilized to implement the 
above -described FSAD technique by detecting MS and 
MT substates in the voice signals and then organizing 
and allocating packets accordingly. The details regard- 
ing implementation of FSAD in a cellular system are *s 
generally well-known in the art and will therefore not be 
further described herein. 

Although the system 1200 is illustrated as process- 
ing baseband voice signals and utilizing channel coding 
and interleaving, it should be emphasized that this is not so 
by way of limitation. For example, the present invention 
is suitable for use in systems which communicate any 
type of data and in systems which do not utilize channel 
coding and/ or interleaving. Channel coding/decoding 
and interleaving/deinterleaving generally randomize a ss 
communication channel and thereby mitigate the effects 
of, for example, channel fading. However, this usually 
comes at the expense of increased total delay A pre- 
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ferred embodiment of the invention therefore eliminates 
channel coding and channel interleaving and utilizes 
any of a number of well-known space diversity tech- 
niques to control channel fading. 

FIG. 13 is a flow chart illustrating circular interleav- 
ing in accordance with the present invention. Decision 
step 1 302 indicates that when a given user enters an 
active state by, for example, initiating a conversation, a 
queue position is assigned to that user in step 1 306. A 
user identifier corresponding to that user is then stored 
in a queue in step 1308. In this embodiment, it is as- 
sumed the circular interleaver includes both an uplink 
queue and a downlink queue, each with an allocated slot 
portion and a waiting portion, as described in conjunc- 
tion with FIGS. 9 A and 98 above. A reference to a queue 
in conjunction with FIG. 13 should therefore be under- 
stood to refer to either the uplink or downlink queue, de- 
pending on whether the given user is communicating on 
an uplink or a downlink. 

In decision step 1312, an attempt is made to allo- 
cate a time slot in the current frame to the user. If the 
slot is allocated in step 1312, communication with the 
user can take place in the allocated slot as shown in 
step 1316. Decision step 1 322 indicates that if the same 
user does not remain active during the next frame, any 
previously-allocated slot is returned to a pool of unused 
slots as shown in step 1324. The process then returns 
to step 1302 and remains there until the inactive user 
reenters an active state. If the user remains active in 
step 1322. the queue position assigned to the user is 
updated based on the above-described circular inter- 
leaving as shown in step 1328. For example, assume 
user A in FIG. 8A was allocated the first frame time slot, 
corresponding to a first queue position in frame n-1 . Dur- 
ing a subsequent frame n, user A is assigned a different 
queue position, such as the queue position correspond- 
ing to the end of blocked queue 820 in FIG. SB. Step 
1330 indicates that the updated queue position for the 
user is stored in the form of a user identifier. The process 
then returns to step 1 31 2 to attempt to allocate a slot in 
the next frame to that user. The steps shown are repeat- 
ed for multiple users in each frame, and from frame to 
frame, in accordance with the circular interleaving de- 
scribed above. The queue may be maintained in, for ex- 
ample, processor 1244 of FIG. 12, and may be imple- 
mented in random-access memory, cache memory, or 
other types of electronic or magnetic memory. The steps 
shown in FIG. 1 3 provide the circular interleaving by, for 
example, keeping track of which slots have been previ- 
ously allocated to users and shifting or otherwise alter- 
ing the slots allocated to any of these users which re- 
main active in the next frame. 

As described above in conjunction with FIGS. SA, 
8B, 9A and 9B, a user which is assigned a slot in a first 
slot position in the current frame can be shifted out of 
that position and placed at the end of a blocked queue, 
or in a waiting portion of a single uplink or downlink 
queue, during a subsequent frame. This can occur if, for 
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example, there are other user identifiers stored in the 
blocked queue or waiting portion of a queue, all availa- 
ble slots in the subsequent frame are allocated to other 
users, and the user previously assigned the first slot po- 
sition remains active. Of course, there are many varia- 
tions on this technique which could be used. In general, 
the interleaving techniques may be described as provid- 
ing a slot allocation priority to a previously-blocked user. 
Circular interleaving is only one possible technique for 
providing the priority. Other techniques include applying 
any of a number of alternative permutations to the slot 
allocation order such that the risk of dropped packets 
are spread over a larger number of users. Additional al- 
ternatives include applying circular interleaving to only 
a subset of the active users in a given frame, or allowing 
one or more users to maintain possession of a particular 
slot over a number of frames. It should be noted that it 
is not necessary to store an identifier corresponding to 
a previously-blocked user. For example, by altering slot 
assignments before or after allocation such that a user 
assigned the first slot position is not automatically as- 
signed that same slot in a subsequent frame, but instead 
must compete with all other users for another slot in the 
frame, a priority is in effect provided to a previously- 
blocked user. 

The embodiments of the invention described above 
may also be utilized in a frequency-division multiplexed 
(FDM) system. In such a system, a time slot allocated 
to a user represents one of a number of available carrier 
frequencies The term "frame slot" as used herein is 
therefore intended to include, for example, both time 
slots and frequency slots. The circular interleaving or, 
more generally, slot allocation permutation of the 
present invention is then applied to the various FDM car- 
rier frequencies, in a manner similar to that described 
above. A user which is blocked in one frame, and there- 
fore is not allocated a carrier frequency, receives a pri- 
ority in allocation in the subsequent frame. The present 
invention may also be implemented in a code division 
system. Those skilled in the art can readily adapt the 
teachings herein to implement a wide variety of different 
time division, frequency division and code division sys- 
tems. 

Although the above description illustrates the utility 
of the present invention primarily in terms of a wireless 
communication system incorporating an STDD multiple 
access technique, it should be understood that the ap- 
paratus and methods of the present invention are gen- 
erally suitable for use with other TDMA communication 
techniques, including TDD/SAD. Many variations may 
be made in the embodiments shown, including the 
placement and implementation of the circular interleav- 
er relative to other system elements, the type of inter- 
leaver used and the manner in which the interleaving 
alters the slot allocation to provide a priority to a previ- 
ously-blocked user. These and other alternatives and 
variations in the arrangements shown will be readily ap- 
parent to those skilled in the art. 



Claims 

1. In a communication system in which active users 
communicate information in allocated slots of a 

5 frame, a method of allocating slots comprising the 

steps of: 

allocating slots in a given frame to a first set of 
the active users; 
10 identifying a second set of the active users 

which are not allocated a slot in the given frame; 
and 

providing at least one of the active users in the 
second set which remains active in a subse- 
ts quent frame with a priority in obtaining an allo- 
cated slot in the subsequent frame. 

2. The method of claim 1 further including the steps of: 

20 identifying a slot position of the slot allocated in 

the given frame to a particular active user in the 
first set; 

determining if the particular user remains active 
in the subsequent frame; and 
25 allocating a slot having a different slot position 

to the particular active user in the subsequent 
frame. 

3. The method of claim 1 wherein the step of providing 
30 the priority further includes allocating slots in the 

subsequent frame in accordance with a circular in- 
terleaving of those users in the first and second sets 
which remain active in the subsequent frame. 

35 4. The method of claim 1 wherein the step of allocating 
slots in a given frame to a first set of active users 
further includes: 

assigning a first portion of the slots in the given 

40 frame to uplink communication; 

assigning a second portion of the slots in the 
given frame to downlink communication; and 
dynamically allocating a third portion of the 
slots in the given frame to either uplink or down- 

45 link communication in accordance with demand 

from the users. 

5. The method of claim 1 wherein the information is 
voice information and the method further includes 
so the step of organizing the voice information into 
slots using a speech activity detection technique 
which identifies mini-talk and min-silence states in 
the voice information. 

ss 6. In a communication system in which active users 
communicate information in allocated slots of a 
frame, an apparatus for allocating slots comprising: 
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means for allocating slots in a given frame to a 
first set of the active users; 
means for identifying a second set of the active 
users which are not allocated a slot in the given 
frame; and 

means for providing at least one of the active 
users in the second set which remains active in 
a subsequent frame with a priority in obtaining 
an allocated slot in the subsequent frame. 

7. The apparatus of claim 6 further including: 

means for identifying a slot position of the slot 
allocated in the given frame to a particular ac- 
tive user in the first set; and 
means for determining if the particular user re- 
mains, active inthesubsequentframe, such that 
a different slot position can be allocated to the 
particular active user in the subsequent frame. 

8. The apparatus of claim 6 wherein the means for pro- 
viding a priority to at least one of the second set of 
users which remains active in a subsequent frame 

. includes a circular interleaver operative to alter slot 
allocations in the subsequent frame such that at 
least one user in the second set is allocated a slot 
in the subsequent frame before at least one of the 
users in the first set. 

9. The apparatus of claim 8 wherein the circular inter- 
leaver alters slot allocations in the subsequent 
frame such that a slot position allocated in the sub- 
sequent frame to an active user in the first set is 
shifted by at least one slot position relative to the 
previously-allocated slot position in the given frame. 

10. The apparatus of claim 6 wherein the communica- 
tion system is a partially-shared time-division du- 
plexed system and the means for allocating slots 
further includes a processor operative to assign a 
first portion of the slots in a given frame to uplink 
communication, to assign a second portion of the 
slots to downlink communication, and to dynamical- 
ly allocate a third portion of the slots to either uplink 
or downlink communication in accordance with user 
demand. 
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communicate information in the system; and 
means for altering slot positions of the slots al- 
located to the active users if those users remain 
active in a subsequent frame. 

13. The system of claim 12 wherein the means for al- 
tering slot positions further includes: 

a memory for storing user identifiers of active 
users which are not allocated a slot in the given 
frame; and 

circular interleaving means coupled to the 
memory and operative to implement in the sub- 
sequent frame a circular interleaving of active 
users having identifiers stored in the memory 
and active users previously allocated slots in 
the given frame. 

14. The system of claim 12 wherein the interleaving 
means is operative to shift a slot position of an ac- 
tive user assigned a slot in the given frame by at 
least one slot position in the subsequent frame : pro- 
vided that user remains active in the subsequent 
frame. 

15. The system of claim 12 wherein the interleaving 
means alters slot positions allocated to active users 
such that a first user assigned a slot in a given frame 
is not assigned a slot in a subsequent frame if a sec- 
ond user, which was not assigned a slot in a previ- 
ous frame, remains active in the subsequent frame, 
and all other available slots are allocated to other 
active users. 



1 1 . The apparatus of claim 6 wherein the information is 
voice information and the apparatus further in- 
cludes a speech activity detector which is operative so 
to organize the voice information into slots by iden- 
tifying mini-talk and mini-silence states in the infor- 
mation. 

12. A communication system comprising: ss 

a processor operative to allocate slots in a 
frame to active users which require the slots to 
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